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Abstract
Lateral biases and alternation of directional turns influence impact navigation,
foraging, and predator avoidance in diverse animal species. Extended alternating turn
successions are known to reflect anti-predation escape behaviors of organisms in
complex environments. This study examined the effects of chemosensory cues from
bluegill sunfish, Lepomis macrochirus, red-eared slider turtles Trachemys scripta
elegans, American bullfrogs, Rana catesbeiana, and conspecific giant waterbugs on
turning behaviors of Belostoma flumineum in a multiple T-maze.
As a study population, B. flumineum were found to perform significantly different
alternating turn behaviors than those predicted, but overall were not influenced by any
one specific treatment. When compared by sex, males and females were found to make
significantly different alternating turn responses when exposed to bluegill sunfish cues,
reflecting possible sex-dependent cue reception and/or perception. As seen in prior turnbehavioral studies, a left-turn bias was expressed throughout the entire experiment, by
both males and females, across all treatments except for conspecific waters, another
example of cue association, however, these observations were only noticeably important,
but not statistically significant.
While overall female lateralized (right- and left-) frequencies were noticeably
different from expected frequencies, only overall alternating turn frequencies of males
throughout the entire study were found to significantly differ from those expected. This
may be explained by the distinct inverse lateralized turn frequencies observed between
conspecific and slider responses.

These trends may be associated with reproductive life-history adaptations of
successful parental males, as males provide exclusive parental care to eggs. Future
turning behavior research should include testing encumbered males, expanding cue types
associated with relevant life histories, and observing hatching success when paternal
males are exposed to potentially threatening environmental cues.
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Introduction
Alternating Turning Behavior
Turning is embedded in locomotion and is essential for functional mobility
(Glaister et al. 2007; Akram et al. 2010). Changing directional turns is a navigational
strategy used to efficiently move through complex environments (Wiper 2017). The
tendency to alternate (or turn in the opposite direction of a preceding turn) is considered
to be innate because it is not learned through reinforcement (Richman et al. 1986;
Moriyama et al. 2015). Negative conditions, like food deprivation (Hughes 1978),
substratum disturbance (Houghtaling and Kight 2006), and exposure to predators
(Hughes 1967, 1978; Carbines et al. 1992) are known to increase alternating turns
(Hegarty and Kight 2014).
Currently, there are two types of Alternating turn behaviors: Spontaneous (or
continuous/free-running spontaneous) alternation, which refers to the preference of
exploring the most novel or least recently visited locations, is governed by choices
between stimuli based on prior experience; and turn alternation, which reflects the
tendency to alternate between directional choices when a force diverts the organism from
the initial direction, is assumed to rely on internal cues derived from prior responses, such
as proprioceptive cues (Çarkoğlu et al. 2015; Moriyama et al. 2015).
Originally it was thought such behaviors were limited to human brains, but
evidence of left-right asymmetries in invertebrates has begun to emerge, suggesting that
lateralization may be a feature of less complex nervous systems as well as (Frasnelli
2013; Hegarty and Kight 2014; Moriyama et al. 2015). For example, Hughes (1967)
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found that common rough woodlice, Porcellio scaber (Latreille 1804), kept in bright, dry
environments before testing made more alternating turns in a multiple T maze, and ran
faster, than those kept in cool, moist environmental conditions normally favored by
terrestrial isopods.
The relationship between stress and turn alternation was shown to be affected by
either acclimation to or habituation with environmental conditions during prolonged
exposure (Hegarty and Kight 2014). Another experiment comparing alternating turn
responses between two terrestrial isopods housed either with or without predatory antcues, then exposed to a multiple T-maze that also either contained or did not contain antstimuli. It was predicted that pill bugs, Armadillidium vulgare (Refinetti 1984), being
capable of defensively curling, would make fewer alternating turns, while woodlice,
Porcellio laevis (Nair et al. 1989), having nervous systems adapted for escape (runners),
would make more alternating turn corrections in response to predator ant-cues of
Tetramorium caepitum (Hegarty and Kight 2014).
Both pill bugs and woodlice made significantly more alternating turns after longterm exposed to predator cues (+/__), with the most prominent responses coming from
isopods housed with ants but not exposed during T-maze trials (+/-), however, turn
sequence did not significantly differ between subjects exposed to ant cues during the
maze (-/+ and +/+) and those that were not (-/- and +/-). Overall, results reflected
reduced negative chemotaxis after long-term exposure to predator cues, concluding that
increases in turn alternation in tested isopods were associated with chronic exposure to
indirect predator cues, while short-term exposure had no effect.
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Lateralized Turning Behavior
Another aspect of turning behavior is lateralized behavior (or laterality); the result
of asymmetry of bilateral structures, that drives asymmetrical right-/left-directed actions
(Wiper 2017). Lateralized behavior occurs in diverse animals, but relatively few studies
examine the phenomenon in invertebrates (Letzkus et al. 2006; Kight et al.
2008). Humans are frequently prone to lateralized behavior (Kight et al. 2008): 90% of
humans exhibit a right-hand dominance (McManus 2002; Corballis 2003), but exhibit
stronger right-turn biases in females over males (Mead and Hampson 1996). Other
examples of lateralized-human behaviors include left-arm preference in infant cradling,
right-arm dominance in hugging, and a right head-tilt when kissing (Ocklengurg et al.
2018).
However, depending on the type of kiss, head-tilt bias was shown to change with
kissing partner: parent-child partners displayed significantly more left turns in
comparison to right turns, whereas romantic partners made more right-head-tilts than left
(Sedgewick and Elias 2016), possibly to help distinguish between biologically
compatible mates—those that might genetically benefit the species or population, and
those that do not. Therefore, it is proposed that lateralized turning helps establish
unconscious behaviors that encourage better survival and fitness.
Like vertebrates, invertebrates can display lateralization on an individual- or
population- level (Frasnelli 2013). The population-level bias in handedness in humans
may be related to sophisticated tool usage, while the population-bias in lateralization of
3

function in the cerebral hemispheres may be associated with diverse language abilities
(Rogers 1989). During a preliminary single T-maze experiment, a population-level
lateralized turning-bias was observed in giant waterbugs, Belostoma flumineum (Say
1832), where individuals made significantly more left than right turns, even when first
introduced to the maze, regardless of maze orientation. In addition, the number of
consecutive turn runs (i.e. LLL) did not increase with repeated maze experience,
suggesting that the observed bias was not a result of learning, but innate like alternating
turn behaviors.
Directional choices may be influenced by biological drive, whereby individuals
constantly reassess costs of resources vs. risk (Ferrari et al. 2010). Many species of
insects rely on perception of chemical stimuli for foraging, as well as intraspecific and
interspecific communication (Cossé et al. 1995; Attygalle et al. 1999; Drijfhout and
Groot 2001; Nowińska and Brożek 2019). This is especially true in aquatic ecosystems,
where olfaction is a critical source of information for both prey and predators. However,
giant waterbugs are known to also communicate with surface wave communications
using hair sensillae that detect pressure waves propagated through water (Kraus 189;
Garvey 2014).
The most important peripheral olfactory organs are the antennal sensilla, receptor
organs that vary in shape, size, and location (Chapman 1998; Keil 1999; de Bruyne and
Baker 2008; Nowińska and Brożek 2019). The antennae of (adult) Belostomatidae consist
of four antennomeres, with a singular process (pr) on the second and third
antennomeres. They appear to be squat in shape, which allows the antennae to remain
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hidden under the eyes, without compromising sensilla surface area (Nowińska and
Brożek 2019).
Interactions between predators and prey create the conditions for an evolutionary
arms race, where earliest detection typically offers greatest success of survival (Appleton
and Palmer 1988; Vermeij 1993; DeWitt et al. 2000; Trussell 2000; Trussell and Nicklin
2002a, 2002b; Prezant et al. 2006; Ferrari et al. 2010). Predation advances through
escalating stages from initial detection, to attack, capture, and lastly, ingestion (Lima and
Dill 1990; Smith 1992). Kairomones or allelochemicals are distinct chemicals that are
given off by one species and received by another (Ferrari et al. 2010). Throughout this
succession, stage-specific forms of chemical cues release and alert prey: 1) alarm cues
released by predator species, and received by prey during initial predation-detection; 2)
disturbance cues released by startled prey prior to the attack; 3) damaged-released cues
created during an attack, which appear to be essential in anti-predation, as they are found
in all taxa of aquatic organisms (Wisenden 2003); 4) dietary cues, related to alarm cues,
released post-ingestion from predators during digestion and defecation 5) and learned
cues, which are described as any novel chemical stimulus that becomes associated with
prior alarm cues (Ferrari et al. 2010).
Induced defenses include morphological (Krist 2002; Teplitsky et al. 2003),
behavioral (DeWitt et al. 1999; Delgado et al. 2002; Wollerman et al. 2003), and
chemical responses (Karban and Baldwin 1997; Toth and Pavia 2000; Rohde et al. 2004)
in potential prey (Prezant et al. 2006). Since aquatic heteropterans (or true bugs) in
particular play an important ecological role in organizing the invertebrate community
structure (Runk and Blinn 1994; Blaustein 1998; Ohba 2018; Nowińska and Brożek
5

2019), understanding what can motivate their behaviors may also shed light on cascading
effects. The proposed experiment was the first to test both alternating turn and lateralized
turning behaviors when exposed to different predatory stimuli from other organisms, in
order to identify if and how anti-predation responses affect (reported) waterbug
lateralized biases and anti-predation strategy, and how the two responses might be
connected.

Belostoma flumineum
Giant waterbugs (order, Hemiptera: family, Belostomatidae) are also known as
fish killers, electric light bugs, and toe biters (Goula 2008). Belostomatidae include eight
genera in the subfamily Belostromatinae (Horvathinia, Hydrocyrius, Limnogeton,
Abedus, Weberiella, Belostoma, Appasus, and Diplonychus) and three genera in the
subfamily Lethocerinae (Benacus, Kirkaldyia, and Lethocerus) (Polhemus 1995; Perez
Goodwyn 2006; Estevez and Ribeiro 2011; Ribeiro et al. 2018; Ohba 2018).
Waterbugs are effective aquatic predators of small organisms up to the size of
tadpoles, and sometimes even small waterfowl and fish, or freshwater habitats (Hoffman
1924; Rankin 1935; Cullen 1969; Tawfik 1969; Menke 1979; Okada and Nakasuji 1993;
Hirai and Hikada 2002; Toledo 2003; Ohba and Nakasuji 2006; Goula 2008; Zaracho
2012; Ouyang et al. 2017; Ohba 2018). In turn, Belostomatidae are preyed on by similar
animals such as birds, fish, larger arthropods, and snakes (Digiani 2002; Munguia-Steyer
and Macias-Ordonez 2005; Ohba 2018), however, in temporary fishless water pools,
waterbugs are considered the top predators in the food web (Waters 1977; Runck and
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Blinn 1990; Kesler and Munns Jr. 1989; Smith 1997; Ohba 2018; Nowińska and Brożek
2019).
B. flumineum typically inhabit the margins of freshwater ponds and lakes across
much of North America where they perch underwater in dense patches of submerged
vegetation (Lauck and Menke 1961; Ohba 2018; Kight et al. 2008), but apparently have a
wider range of habitats than any other species of aquatic Hemiptera, including both
predictable (permanent water with seasonal cycles) and unpredictable (temporary waters)
features (Folsi 1980). Individuals can found along grassy edges of streams and rivers, in
wooded overflows of rivers, but mostly in ponds and lakes, living in insect communities
consisting of aquatic bugs, beetles, anisopteran and zygopteran naiads, as well as
immature stages of Culicidae, Chironomidae, Ephydridae, and Tabanidae. B. flumineum
are positively thigmotactic, requiring some type of cover such as logs, boards, or
vegetation. Despite being relatively large, B. flumineum adults have cryptic coloring,
allowing them to effectively hide amongst trash or mats of vegetation, even at the water’s
surface.
This camouflage is distinctly important as waterbugs have unique mating systems
(Clutton-Brock 1991; Shuster and Wade 2003; Arnqvist and Rowe 2005; Smiseth 2014;
Ohba 2018), involving female competition and male paternal care (Ichikawa 1988, 1990,
1991; Smith and Larsen 1993; Thrasher et al. 2015; Ohba 2018). Belostomatidae males
must attend to eggs laid by females on their backs in cohesive egg pads until hatched
(Smith 1997; Ohba 2018). Once attached, males display a push-up brood pumping, which
allows water and oxygen to replenish egg pads when needed (Smith 1997; MunguiaSteyer et al. 2008; Garvey 2014; Ohba 2018). It was found that egg-caring males change
7

brood pumping and egg-patting using hind legs in response to egg growth, whereas
unattached eggs suffered lower hatching rates from either desiccation, drowning, or
parasite predation (Cullen 1969; Smith 1976; Munguia-Steyer et al. 2008; Ohba 2018;),
therefore mandatory for males.
While it is debated whether male and female Belostoma are sexually dimorphic
(Kight et al. 1995), one of the earliest ecological reviews measured adult females at 18.524.5 mm in length and 9.2-12.0mm in width, while males were measured between 2.53cm in lone and 9.4-11.5mm wide (Folsi 1980). Studies have observed several sexually
dimorphic characteristics, such as incidence, density and distribution of types of sensilla,
between sexes (Esslen and Kaissling 1976; Ågren 1978; Martini 1986; Jourdan et al.
1995; van Baaren et al. 1999; Nowińska and Brożek 2019). Both males and females
appear similar in appearance, but females have been known to be slightly larger than
males (Flosi 1980; Perez Goodwyn 2006; Iglesias et al. 2012; Ohba 2018), but males
were recorded having longer average lifespans than females (Folsi 1980). Males have
relatively longer middle and hind legs, which are used for mating and brooding,
indicating a selective response for paternal care that maintains effective locomotion and
suggesting a brood-adapted morphology (Ohba 2018).
As apex predators relative to the invertebrate community, waterbug predation has
been found to induce longterm effects on species and community levels. For instance,
freshwater ram’s horn snails, Planorbella (Helisoma) trivolvis (Say 1816), with wider
shells were found to alter their morphology by increasing the coiled-tube distance
permitted for retracting their body, and thereby reducing vulnerability to waterbug
predation (Hoverman et al. 2005; Hoverman and Relya 2007, 2009; Ohba 2018).
8

Predation by Belostomatidae can also be influenced by environmental changes in
aquatic systems (Ohba 2018). For example, tadpole predation by waterbugs was shown
to decrease with increasing plant density due to increased refuge coverage (Babbit and
Jordan 1996; Babbit and Tanner 1997; Barr and Babbit 2002; Ohba 2018). Conversely,
predation on tadpole physa snails, Physa gyrina (Draparnaud 1805), resulted in reduced
snail grazing, inducing algal blooms (Wojdak and Luttebeg 2005; Ohba 2018). Most
studies have examined the effects waterbugs have on community and ecosystem
processes, while less is known about which factors that influence ecologically relevant
behavior.
In this study, B. flumineum were introduced to aquatic multiple consecutive Tmazes treated with putative chemical cues from bluegill sunfish Lepomis macrochirus
(Smith et al. 2007), red-eared slider turtle Trachemys scripta elegans (Wied 1839), and
American bullfrog Rana catesbeiana (Shaw 1802). Turning behavior of waterbugs was
assayed to investigate whether individuals change behavior in response to these indirect
cues, and whether waterbugs respond differently to different vertebrate species.
Bluegill sunfish, L. macrochirus, are an important species in freshwater
ecosystems (Scott and Crossman 1971; Gutiérrez-Rodríguez and Williamson
1999). Spawning takes place in late spring to mid-summer with a peak in early
July. Parental males build nests in shallow water of small lakes, ponds, and slow moving
streams. The male defends the nest before and after spawning until the young leave the
nest (Breder 1936; Gutiérrez-Rodríguez and Williamson 1999).
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Sunfish have been examined in chemosensory studies both with predator and prey
subjects. When juvenile populations of L. macrochirus were exposed to visual, olfactory,
or a combination of cues of predatory largemouth bass, Micropterus salmoides (Lacepède
1802), bluegills from a source population with a long history of predation exhibited a
delay in the age of maturity (Belk 1998). In contrast, chemicals from the green sunfish,
Lepomis cyanellus (Rafinesque 1819), were shown to cause streamside salamander,
Ambystoma barbouri (Kraus and Petranka 1989), eggs to delay hatching to a later date,
more advanced stage, and larger size (Moore et al. 1996).
The red-eared slider, T. scripta elegans, is an opportunistic omnivore (Moll and
Legler 1971; Moll 1990; Dreslik 1999). In a dietary review of this turtle from an Illinois
pond, it was found that plant material made up >40% of all total relative volume in males
and females, and >70% in juveniles (Dreslik 1999). Bryozoans were only found in adult
male and female fecal matter, where females consumed slightly more animal matter
relative to aquatic plants. These findings also correlated with nesting season, suggesting
that females either rely on animal calcium for eggshell production, or for replenishment if
resources were limited and females resorted to mobilizing calcium from their skeletons.
As an invasive species, (Pleguezuelos 2002; Cadi and Joly 2003, 2004) studies
have compared sex and interspecific chemosensory responses of T. scripta elegans and
native Spanish terrapins, Maremys leprosa (Cavia et al. 2009). Terrapins preferred water
with stimuli of conspecifics and avoided water with chemical cues of slider turtles,
suggesting that chemical cues could be used by native M. leprosa to avoid water pools
occupied by introduced T. scripta elegans. When deciding spatial distribution, red-eared
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sliders seemed to be less chemosensory dependent than terrapins, for which reproductive
behavior was heavily influenced by chemical signals.
The American bullfrog, R. catesbeiana (Shaw 1802), is known to have a
voracious appetite and will swallow anything taken into their mouths, including
Belostoma spp. (Cross and Gerstenberger 2002), and exhibit significant inverse
relationships between female body size and diversity of food items. One predatory-cue
study paired R. catesbeiana tadpoles with bluegill sunfish to observe whether tadpoles
alter their activity levels and/or cycle in response to variations in density and the presence
of L. macrochirus. As expected, tadpoles at higher densities were more active, but less
active during the day to avoid visually-oriented fish predators. Low activity by tadpoles
in the presence of fish can decrease the chances a tadpole will be consumed by the fish
(Lefcort 1996; Anholt et al. 2005), but at the expense of decreasing foraging and growth
(e.g. Skelly and Werner 1990; Relyea and Werner 1999) (Smith et al. 2007).
Sunfish, slider turtles, and bullfrogs were selected as stimulus animals because all
three are local aquatic carnivores, occupy a wide breadth of ecological niches and feeding
modes, and can produce chemosensory cues that influence the behavior of both
conspecifics and other species. Based on results from previous alternating and
lateralized turn analyses, it is expected that waterbugs will display more pronounced
turning behaviors, possibly represented by greater numbers of alternating turns, when in
the presence of predatory chemical cues.
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Methods
Field Collection
Adult B. flumineum were collected from the margins of Silver Lake in Hardyston
Township, Sussex County, NJ, one meter deep, using dip nets, and taken to a Montclair
State University laboratory in the Fall of 2015. Silver Lake is a small freshwater lake
with emergent hi vegetation around the edge, and submergent vegetation where
waterbugs were located. Subjects were kept in mixed-sex groups of approximately 50
individuals under laboratory conditions in 115 L aquaria containing aged tap water and
plastic substratum, at 21°C with a 15L: 9D photoperiod. A random selection of 32 adults
(16 females: 16 unencumbered males) were used as subjects in the present study, each
was individually isolated for the entirety of the study period.

Multiple T-maze Trials (Figure 1)
The transparent Plexiglass multiple T-maze was scaled from original dimensions
of a previous turn behavior study (Hughes 1967) to accommodate the larger size of B.
flumineum subjects. The maze was completely submerged in water to allow subjects to
swim through putative chemical cues. The multiple T-maze had a 10cm x 4cm x 4cm
entrance alley leading to a forced right turn. After the entrance, there was another 10cm
alley leading to a T-junction, where test subjects were forced to make the first of three
turn decisions. Each alley between subsequent T-junction was 10cm long.
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The selected 32 waterbugs (16 of each sex) were introduced to the multiple Tmaze and tested with repeated measures across six treatments, for a total of 192
alternating turn and 576 lateralized turn opportunities. The sequence for experimental
treatments followed as: 1) control I with aged tap water; 2) water from an aquarium
housing bluegill sunfish; 3) water from an aquarium of exotic male and female
conspecific B. flumineum; 4) water from an aquarium of red-eared slider turtle water; 5)
control II with aged tap water again; and water from an aquarium holding bullfrogs.
Each waterbug experienced all experimental treatments once, with three-day
intervals between each treatment. The maze was cleaned with hot water and isopropyl
alcohol between each subject to minimize exposure to cues left by previous
waterbugs. All trials were run under red light in order to minimize light-related cues that
could influence navigational behavior of waterbugs. Observer and positional effects were
controlled by alternating between two human observers each consecutive trial, and by reorienting the maze 180° every four subjects. Waterbugs were tested in an order of two
males followed by two females to ensure that each observer counted equal numbers of
both sexes. Subject order remained the same for all experimental trials (1-32). Sex, turn
sequence, and right-/left- turn frequencies were recorded for each individual per T-maze
treatment.

Expectations
Per T-maze trial, subjects were presented with eight final destinations within the
T-maze: one path to make 0-alternating turns, three paths to make 1-alternating turn,
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three paths to reach 2-alternating turns, and one path to reach 3-alternating
turns. Expected alternating turn frequencies were calculated prior to testing, where out of
32 subjects, 4 were expected to make 0-alternating turns (0.125), 12 were expected to
make 1-alternating turn, another 12 expected to make 2-alternating turns (0.375), and the
last 4 (0.375) to make 3-alternating turns (0.125), for each treatment. Therefore,
waterbugs were three times more likely to make 1- and 2-alternating turns than 0- and 3alternating turns. Using this principle ratio, expected alternating turn frequencies were
calculated for overall/study (24:72:72:24), within-sex/study (12:36:36:12),
overall/treatment (4:12:12:4) and within-sex/treatment (2:6:6:2) comparisons.
Based on prior observations, greater successions of alternating turns are
associated with anti-predation and escape behaviors (Hegarty and Kight
2014). Therefore, 2- and 3-alternating turns made can be interpreted as “more
pronounced”, and 0- and 1-turn runs as “less pronounced” anti-predation responses. It
would then be expected to encounter inverse linear distributions of alternating turn
frequencies where, respectively, the lowest/highest turn frequencies occur with 0-/ 3alternating turn sequences when exposed to interspecific/conspecific cues).
Subjects traveled approximately 50cm each maze run, regardless of turn
sequence; therefore, waterbugs were restricted to depending on alternating turn sequence
to distance themselves from their original position. Thus, to travel the same distance only
to end relatively in the same location would not only be energy taxing, but ineffective if
trying to escape predation. However, if waterbugs were exposed to more other stimuli,
such as potential mates or prey, then they would be encouraged to find or remain near the
source of cue, supporting the spontaneous alternating turn theory.
14

The multiple T-maze itself expressed an overall right-turn bias, with 12 available
right turns vs. 9 available left-turns. If waterbugs made even distributions of across all
maze paths with un-biased lateralized turn frequencies, it would be expected to find the
same proportional right-turn bias in waterbugs as well. However, if waterbugs were
expected to make 3-alternating turns in response to a predation threat, then lateralized
frequencies might reflect more left turns from this route.
The established null hypotheses suggested that (1) B. flumineum would make the
same number of alternating turns as expected when exposed to chemical stimuli in each
treatment (4:12:12:4); and that (2) B. flumineum would make the same number of
lateralized (left and right) turns throughout the study, regardless of treatment.

Statistical Analysis
Fisher exact (post-hoc) probability testing, chi-square analysis, and binomial
probability testing were used to compare expected with observed turning frequencies or
chance likelihoods to test for statistical significance, rejecting our null hypotheses, using
either the VassarStats Statistical procedures applicable to categorical frequency data
(http://vassarstats.net) or (Preacher 2001) chi-square test online computer software
(http://quantpsy.org).
Fisher exact tests were used to analyze alternating turn frequencies obtained
overall, between sexes, and within sexes, within each treatment. A chi-square analysis
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was required when analyzing expected vs. observed overall alternating turn frequencies
between- and within-sex alternating turn frequencies obtained over the entire study.
To determine if either treatment or sex had an influence on B. flumineum
lateralized behavior, chi-square procedures were also used to compare lateralized turn
frequencies of expected vs. observed lateralized turns obtained overall, between sexes,
and within sexes. Last, binomial probability testing compared the likelihoods of overall
observed lateralized turn frequencies throughout the study, and to compare the
likelihoods of observed frequencies within sexes within each treatment. Unbiased lateral
behavior would demonstrate even numbers of left and right turns made by waterbugs, by
both males and females. By comparing waterbug probabilities with those of chance (1:1),
it can be determined if the observed lateralized turning behaviors occurred by chance or
by bias.
When the same statistical procedure was repeated to analyze multiple treatment
data sets, a Bonferroni correction was applied to the alpha value of 0.05. The Bonferroni
correction is a conservative statistic that decreases the alpha (α) value by the number of
repeated tests (m). This applied to comparisons repeated across the six treatment groups,
adjusting the alpha value to 0.0083. The most conservative method was chosen to correct
alpha, which means results were least likely to reject the null hypothesis when doing
these multiple comparisons. In these cases, if p values were 0.0083≤ p ≥ 0.05, then the
null hypotheses are accepted, but the experimental hypotheses can be discussed as
statistical trends.
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According to the null hypotheses, a bell curve distribution of 0-, 1-, 2-, and 3alternating turn frequencies should present itself reflecting the predicted probabilities,
across all treatments, for both overall and between sex frequencies (Figure 2). There
would be no significant interactions or trends present between any of the tested variables
(all p values > 0.0083 or 0.05, respectively, for all statistical analyses).
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Results
Overall Alternating Turn Behavior
Statistical analysis performed, with a Bonferroni correction to alpha, indicated,
that the observed alternating turn frequencies of all 32 B. flumineum subjects did not
significantly differ from the expected frequencies (4:12:12:4) for all six treatments (all p
values >0.0083, Fisher exact test, Table 4; alt. turn frequencies, Table 1, Figure
3). However, chi-square analysis, without the Bonferroni alpha-correction, of expected
(24:72:72:24) vs. observed overall alternating turn frequencies obtained throughout the
entire study inferred that waterbugs made significantly different alternating-turns from
those expected (p= 0.0096, Chi-square analysis, Table 4, overall alt. turn frequencies
Table 1, Figure 3). It was speculated that this trend was driven from the consistently high
frequencies of 2-alternating turns, particularly when subjects were exposed to conspecific
cues (p= 0.11, Fisher Exact Table 4, alt. turn frequencies, Table 1, Figure 3).
A visible difference in 0-alternating turn frequencies also occurred during redeared slider trials, where all B. flumineum were found to avoid taking this path
completely when exposed (p= 0.051, Fisher exact test, Table 4). Although mostly driven
by subjects taking more 2-alternating paths, B. flumineum appeared to make more
pronounced (2- +3- > 0- +1-) alternating turns in response to cues from other species
when compared to controls, but not during conspecifics trials (overall alt. turn
frequencies, Table 1, Figure 3), suggesting the presence of some type of population-level
cue-response in turning behavior.
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Alternating Turn Frequencies Between and Within Sexes
When analyzing the alternating turn frequencies by sex, male subjects were
identified as the source of influx in 2-alternating turns during conspecific trials (overall
alt. turn frequencies by sex, Table 2, Figure 4). At first glance, this surge was expected to
reflect a statistically significant outcome; on the contrary, chi-square analysis with the
Bonferroni alpha-correction revealed that bluegill sunfish, waters were the only cues to
induce significantly different alternating turning frequencies between males and females
(p= 0.0037, Chi-square analysis, Table 4). As anticipated, both males and females had
low 0- and 1-alternating turn frequencies, but produced a surprisingly significant
variation in 2- and 3-alternating turns (overall alt. turn frequencies, Table 1, Figure 4).
When the Bonferroni correction to alpha was applied, the probability of that result
to occur becomes that much smaller, therefore, when a significant trend occurs, it reflects
a relatively rare behavior or behavioral driver. Here, significantly more males than
females appear to be perceiving sunfish as a threat/threatening, while a significantly
larger proportion of females over males viewed sunfish as less threatening. It is unknown
as to why this particular significant trend appeared, but it is believed to be it is related to
pre-existing life history traits such as diet preference and/or nutritional investment.
Males appeared to be more responsive than females to cues from other species, as
they exhibited consistently high frequencies of 3-alternating turns in sunfish, slider, and
bullfrog treatments, while females only expressed the same proportionally high
frequencies in the presence of slider and bullfrog waters, and did not make any 3alternating turn successions in sunfish trials (Table 2, Figure 4). In contrast, slider and
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conspecific cues induced inverse 0- and 3- alternating turn frequencies, where,both males
and females has the lowest frequencies of 0-and greatest frequencies of 3-alternating
turns during slider trials, while making the greatest 0- and least number of 3-alternating
turn successions when exposed to conspecific waterbug cues (alt. turn frequencies by sex,
Table 2, Figure 4), suggesting that not just waterbugs in general, but both males and
females are equally perceiving conspecific cues as less or non-threatening, while
perceiving slider cues as more or most-threatening. This is important because, up until
now, results indicated slight evidence that males exhibit overall “more pronounced” antipredation responses, but here, males and females are found making the same proportional
responses to these two chemical cues.

Overall Lateralized Turning Behavior
Statistical analysis of total lateralized turn frequencies without the Bonferroni
correction to alpha indicated that none of the treatments induced significant differences
between the number of left and right turns made and those expected for all treatments (p=
0.32, X2= 5.889, alpha= 0.05, chi-square analysis, Table 4; lat. turn frequencies Table 3,
Figure 5), accepting our null hypotheses. However, waterbugs were observed to make
more left turns than right turns overall (p= 0.084, alpha= 0.05, binomial probability test
Table 4; lat. turn frequencies Table 3, Figure 5). In contrast with alternating turn
analysis, this pattern appeared more pronounced in overall lateralized turn frequencies
than in lateralized turn frequencies between sexes.

20

The layout of the multiple T-maze used for this study offered proportionally more
1- and 2- alternating turn opportunities than 0- and 3- (3:1), and consequently offered
more right- than left-turn opportunities (4:3). However, out of the total 576 turn choices,
waterbugs, overall, made (34) more left turns than right turns throughout the study
(Binomial Probability testing, where alpha was not corrected=0.05, p= 0.084 and 0.085,
respectively), reaffirming the suggestion of a present lateralized bias.
Similar to the alternating turn observations, waterbug lateralized turning
frequencies reflected an inverse turn response from conspecific and red-eared slider
water, where the lowest right-turn frequencies of all treatments accompanied the greatest
left-turn frequencies. Specifically, conspecifics induced the lowest left-turn frequency,
but the greatest right-turn frequency, while sliders induced the greatest left-turn
frequencies and lowest right-turn frequencies (lat. turn frequencies, Table 3, Figures 6
and 7).
Results of conspecific data infer that waterbugs stayed relatively closer to their
original position when exposed to conspecific waterbug cues than any other introduced
cue. Accepting the null hypothesis also surmises that the greater right-turn frequencies
made during conspecific trials were made by chance, and not from influence of
conspecific cues. However, in conjunction with spontaneous alternating turn theory, it
might be speculated that statistically different frequencies were a result of subjects
perceiving less predatory threat, as well as actively searching to interact with potential
conspecific waterbugs. Therefore, lateralized biases do not significantly influence
waterbug behavior, but may be expressed depending on other survival-demands.
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Lateralized Turning Behavior Between and Within Sexes
Binomial probability analysis of continued to reveal that neither sex nor treatment
resulted in significantly different left or right turn frequencies from chance expectation
(all p values >0.0083, binomial probability test, alpha= 0.003 or 0.05, Table
4). However, males exhibited an interesting statistical trend in which they made notably
more left turns in response to cues from slider turtles and more right turns in response to
cues from conspecific (p= 0.03, alpha= 0.0083, binomial probability test, Table 4, lat.
turn frequencies, Table 3, Figures 5 and 6), concluding that males were the driving force
of most of the statistical trends observed. Interestingly, females appeared to have higher
lateralized turn frequencies than males, but males had higher left-turn frequencies than
females when exposed to predator-cues, suggesting that males may exhibit a stronger
turning bias when exhibiting anti-predatory behavior.
An inverse relationship surrounding conspecific and slider treatments also
appeared between observed male and female right and left-turn frequencies (lat. turn
frequencies, Table 3, Figures 6 and 7, respectively). The inverted frequencies revealed
that, as with alternating turn frequencies, males were making the peak and base
lateralized turn frequencies as well, while females were shown to express the same
proportional distributions, but on a less pronounced scale. This relationship appeared to
display a particularly interesting allelochemical-induced response, in which subjects
appeared to reverse a potentially innate lateralized-bias.
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Discussion
Although alternating turn frequencies of overall subjects or within-sexes did not
significantly differ from expected frequencies within treatments (the first, combined
males and females, while the latter divided males and females per treatment) (all p values
>0.0083, Fisher exact test with Bonferroni correction to alpha, Table 1), total males and
total females obtained overall significantly different alternating turn frequencies than the
calculated probabilities, and waterbugs overall as a collective study population made
significantly more alternating turns than expected throughout the experiment (0.0083≤ p
≥ 0.05, Fisher exact test, Table 4, 0.0083 ≤ p ≥ 0.05, binomial probability test, Table 4;
overall alt. turn frequencies, Table 1; alt. turn frequencies by sex, Table 2). In addition,
bluegill sunfish cues were found to induce significantly different turn frequencies
between sexes, suggesting that males and females may either perceive cues differently or
respond to cues differently (p= 0.0039, Fisher exact test with the Bonferroni correction to
alpha, Table 4, alt, turn frequencies by sex, Table 2). While lateralized turn frequencies
did not significantly differ from chance probability (all p values >0.0083 or 0.05,
respectively, binomial probability test with the Bonferroni correction to alpha, Table 4,
lat. turn frequencies, Table 3), a clear left-turn bias was displayed, by both sexes, and
varied with chemical stimuli, suggesting that alternating turn and lateralized turning
behaviors are inherently linked.

Alternating Turn Behavior
Despite being in the presence of assumed-predator species, subjects failed to
produce significant anti-predation behaviors. As effective predators, the three predator
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species selected for our experimental B. flumineum could also easily be potential prey of
waterbugs (Folsi 1980; Ohba 2018). As seen with terrestrial isopods, a decrease in turn
alternation behavior might be expected when individuals acclimate to negative stimuli,
but if an environment is too unpredictable, conditions may change before an organism
can use its new association (Garvey 2014). Aside from conspecific cues experienced
prior, it was unknown if the specimens of B. flumineum in the current study experienced
any of the tested species in nature before collection. Therefore, it is unknown if
waterbugs that did not react as “threatened” to predator-cues as others may have either
recognized the predator as prey, have already acclimated to that predator cue from nature
prior to exposure, or that they were never exposed to any type of predation from the
tested organisms and had no association with the experimental cues as threats.
Although opportunistic, Belostoma have some dietary restrictions. The most
obvious being size limitations (Cloarec 1992; Perez Goodwyn 2001b; Ohba et al. 2008b;
Ohba 2018, and the lesser-known, vertebrate digestibility (Smith 1997; Swart et al. 2006;
Ohba 2018). Belostomatinae do not digest vertebrates as well as those of their sistersubfamily Lethocerinae because their saliva lacks the enzymes necessary for digesting
higher protein-rich meals. However, B. flumineum numerous studies have reported water
as being common predators of anuran tadpoles (Keisecker et al. 1996; Toledo 2003;
Ohba 2018). Therefore, with the exception of bullfrogs, it was assumed the current
subjects would have made alternating turn responses that this disadvantage by avoiding
the three selected vertebrate species, with the exception of. However, since none of the
predator species significantly influence waterbug-turning behavior, this study confirms
that digestibility does not directly correlate with predator risk.
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Waterbugs might not benefit from detection of non-prey species, therefore neural
processes may be devoted to homeostasis or acclimation to environmental changes. In
retrospect, natural habitats offer a larger selection of chemical cues in nature that disperse
throughout the entire volume of water within the ecosystem, surrounding aquatic
organisms with a constantly changing heterogeneous mixture of kairomones and
allelochemicals. Therefore, it might be less cost-effective for an organism with such an
abundant prey selection like B. flumineum to have to associate between overwhelming
amounts of chemical cues, that are more often than not are potential prey sources
anyway, and rely on cues that reflect more obvious predator behaviors. Waterbugs have
been reported being especially responsive to other environmental cues such as light and
surface water vibrations (Kraus 189; Garvey 2014), prompting future studies to compare
other types of positive environmental reinforcements on turning behavior.
Results indicated a clear alternating turn behaviors distinction between males and
females. Since it is suggested that water bugs, in addition to perching and waiting for
prey, may also actively forage and hunt for food (Smith 1997; Cloarec 1989a, b, 1992;
Chen et al. 2005; Ohba 2018), it is speculated, that in the case of the observed bluegill
sunfish frequencies, because females provide full embryonic nutrient and mass (Folsi
1980), reproductively-mature females may exhibit stronger predation behaviors to in
order to procure enough protein for egg production, and therefore distance themselves at
a safe location to further assess if these cues are coming from an actual threat or a
potential prey source.
On the other hand, males, who solely and continuously take care of laid offspring
until they hatch, are biologically programmed to exhibit relatively costly mating and
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brooding behaviors that put them at risk of being visible to predators, felt by predators,
and losing time/energy maintaining egg pads are most likely at greater risk of predation
than females, and are at risk more often than females (Folsi 1980; Crowl and Alexander
1989; Kight et al. 1995; Gilg and Kruse 2003; Ohba 2018),
It is proposed that B. flumineum exhibit sex-dependent feeding behaviors, and
therefore predation and, in turn, anti-predation behaviors would differ between sexes as
well. For instance, in addition to lunar cycles and wet seasons (Bowden 1964; Cullen
1969; Duvirad 1974; Folsi 1980; Ohba 2018), one nutritional study also linked food
quantity to sex-dependent flight and reproductive success (Folsi 1980). It was found that
female B. flumineum starved for seven days completely lost the ability to fly, as flight
muscles were completely histolyzed, and retained underdeveloped oocytes, while males
remained unaffected by starvation, thereby maintaining their abilities to fly, indicating a
clear sexual difference in nutritional value, and also supporting the theory of sexselective predation strategies in waterbugs. Additionally, since adult males will
eventually perform instinctive, but almost counter-productive parental-care behaviors, it
would be expected that they would benefit from recognizing of as many predators as soon
as possible to make the effective escape route (A.K.A time-dependent evolutionary arm’s
race theory (Ferrari et al. 2010).
Therefore, in order to maximize growth potential, survival, and fitness, it is
suggested that a sex-selective niche associated with effective predation in aquatic
communities resulted in an inverse trade-off of chemical cue perception, where
predatory-cues of narrowed, and prey-associated cues expanded for females, and the
opposite effect occurring with males. It is speculated that the observable inverse
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relationship between waterbug subjects and T. scripta elegans presented itself, where
males were found to exhibit strongest anti-predation behaviors, and conspecific B.
flumineum treatments, where males exhibited the weakest anti-predation behaviors,
suggesting that males, when introduced to conspecific waterbug cues, were either alerted
of safety by the chemical presence of other waterbugs, or possibly encouraged by female
B. flumineum cues to copulate, thus explaining shift in 2-alternating turns, and
consequently rise in right turns made. This may have resulted in fewer females having
pronounced alternating turn frequencies when exposed to interspecific cues, and overall
more pronounced alternating turn frequencies of males.
Female waterbugs, Kirkaldyia deyrolli (Vuillefroy 1864), have been found to

prey on egg masses of other males (Ichikawa 1990, 1991, 1995; Ohba 2018),
further suggesting that waterbug evolution has selected behaviors favored
independent growth and reproduction above anything else, however, belostomatids
decreased cannibalism among conspecific nymphs when tadpole prey abundance was
high (Ohba and Nakasuji 2007; Ohba 2011; Ohba 2018), indicating that waterbugs may
benefit from use cue association on a population level.

Lateralized Turning Behavior
Although interspecific and conspecific chemical cues did not significantly
influence right and left turn frequencies, observed lateralized trends support the idea that
lateralized behaviors work in tangent with other factors like sex, age, or
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morphology. The present study may have overlooked age-related differences in
lateralized behaviors since only one age group (adult) was tested. For instance,
asymmetrical cerebral development was found to influence left-turning bias strength
during T-maze trials on a population-level in the cuttlefish Sepia officinalis (Linnaeus
1758) when exposed to different visual cues (Alves et al. 2009; Jozet-Alves and Hébert
2012a, b; Jozet-Alves and Hébert 2013; Frasnelli 2013)
Turning-biases were reported to manifest 15 days post-hatching (between 3-, 7,
15-, 30-, and 45-day old cuttlefish), and only when shelter was present (Jozet-Alves and
Hébert 2012a; Frasnelli 2013), while anatomical and neurological asymmetries of larger
peduncle lobe sizes and monoamine concentrations (i.e. serotonin, dopamine, and
noradrenaline) were observed solely in the 30-day old cuttlefish. A striking correlation
between the behavioral responses of these subjects was found where the larger the rightoptic lobe and right side of the vertical lobe, the stronger the left-turning bias, while one
individual with the larger left-optic lobe exhibited a bias to turn right (Jozet-Alves and
Hébert 20012b; Frasnelli 2013).
Continuing studies revealed a left-turning bias in cuttlefish exposed to predator
odors (sea-bass) prior to hatching, while no biases for embryos exposed to non-predator
odors (sea urchins) or for those incubated with no odor (blank tank) were found,
concluding that embryonic exposure to predator odor modulated visual lateralization
(Jozet-Alves and Hébert 2013; Frasnelli 2013). Cuttlefish results suggest that stimuli
perception and lateralized behaviors are related ecological behaviors that develop and
strengthen over time with morphological growth or at specific ages/stages.
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In contrast, certain species of Ephemeropteran (mayfly) nymphs are equipped
with chemoreceptors that allow them to sense predators and injured conspecifics, while
the adults seem to be deprived of a chemical sense (Crespo 2011). Currently it is
unknown if antennal properties significantly differ between younger, developing
waterbugs and adults, but B. flumineum antennal shape and size has been recorded to
change with each instar morph, possibly explaining why adult subjects did not exhibit a
significant lateralized bias, as they may have lost essential chemoreceptors previous
instar forms had, especially since earlier instars of B. flumineum, being milky yellow in
color with bright red eyes (Folsi 1980), heavily contrast with their environment, and
therefore may need to rely on chemosensory processes to detect predators earlier (Folsi
1980; Ferrari et al. 2010).

Future Studies
Hatching Rates
In addition to behavioral-biases, anti-predator responses have also induced
adaptive brooding strategies, thus we propose the examination of the effects of predator
cues on the reproductive success of the giant waterbug, B. flumineum. For instance, when
viviparis snails Bellamaya. Chinensis (Gray 1863), were exposed to water-borne cues of
predatory crayfish Orconectes limosus (Rafinesque 1817), brooding snails were found to
perform predator-induced responses of significantly increasing released-offspring size,
while significantly reducing offspring shell sizes, and significantly increasing juvenile
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shell organic content, thereby producing more, and better fit snails, at a faster rate
(Prezant et al. 2006).
Flatworm chemical cues delayed streamside salamander, Ambystoma barbouri,
egg hatching to a later date, impacting their developmental stages, and producing larger
hatchling sizes. Predatory green sunfish, Lepomis cyanellus, voraciously feed on
streamside salamander, Ambystoma barbouri, hatchlings (Sih et al. 1992), but rarely
consume salamander eggs (Moore et al. 1996). By attaining delayed hatching dates,
hatchlings are relatively more mature (and have relatively less to develop), shortening the
period salamanders are at risk of predation.
It is suggested that since salamander eggs undergo similar water absorbance
dependence as B. flumineum eggs, it would be suggested that waterbug eggs could also
exhibit an anti-predatory response, most likely by delaying hatching dates, rather than
condensing egg development, as the embryonic nutrient is permanently fixed once eggs
fertilized while B. chinensis undergo an internal brooding development where offspring
are constantly supplied with a maternal nutritional care and protection until birthed as
miniature fully developed snails (Prezant et al. 2006).

Encumberment of Males
At the expense of cost in terms of foraging efficiency (Crowl and Alexander
1989), mobility (Kight et al. 1995) and longevity (Gilg and Kruse 2003) in B. flumineum
(Ohba 2018), encumbered Belostoma males must perform a push-up brood pumping in
order to replenish eggs with atmospheric oxygen. Since encumbered Belostoma males
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exhibit a trade-off of their own survival for the success of their offspring (Kight and
Kruse 1992; Ohba 2018), it would be insightful to study the turning behaviors between
unencumbered and encumbered males.
One study comparing foraging ability of fast- and slow-moving prey between
encumbered males, unencumbered males, and females found that encumbered males
encountered and captured slow-moving snails Physella virgate (Gould 1855) at the same
rate as unencumbered males and females, but were less likely to encounter and capture
more mobile mosquito fish Gambusia affinis (Baird and Girard 1853) than unencumbered
males and females.
Therefore, it is predicted that, if comparing the turn-responses of encumbered
with unencumbered males in the presence of predatory chemical cues, encumbered males
would have greater low-alternating turn frequencies than unencumbered, driven by
encumbered locomotory capabilities, or that paternal instinct may drive encumbered
males to make more 3-alternating turns, demonstrating more pronounced anti-predation
behaviors.

Expansion of Tested Cues
Results indicated waterbug turn behaviors did not significantly deviate from those
expected, concluding that B. flumineum is not significantly influenced by all three
predator species. Therefore, it is suggested that future studies should expand to compare
turning behaviors of waterbugs in response to prey cues, as well as various abiotic
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factors. As discussed prior, waterbugs may exhibit different prey-driven behaviors
depending on sex, or encumberment. Since waterbugs do not appear to be significantly
invested in predator cue association, it is possible that waterbugs could be significantly
more focused on food and growth, and would be more stimulated by preychemical. Therefore, it would be expected to find that prey-cues would induce
significantly greater 0- and 1-alternating turn frequencies, and fewer 2- and 3-turn
frequencies.
Interestingly, one exposure study successfully conditioned B. flumineum subjects
to avoid naturally preferred conditions using abiotic factors as positive and negative
reinforcement (Garvey 2014). It was found that when darkness was applied during
(white vs. black) substratum selection, waterbugs learned to associate white substrate
with rewarded shade. If waterbugs are focused primarily on maintaining homeostasis,
then turning behaviors between sexes, and between encumbered vs. encumbered males,
may also be influenced by abiotic cues. With the exception of encumbered males,
waterbugs are dark, mottled brown dorsally, and only slightly lighter ventrally, typically
found stationary on the bottoms of ponds camouflaged amongst substrate (Folsi 1980;
Crowl and Alexander 2011). Since encumbered males are surface-dependent, with offwhite eggs, protruding egg pads, parental responsibilities may exhibit alternating turn
frequencies that reflect enhanced visual or light perception that compensate for increased
vulnerability.

Experimental Design Improvements
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Future studies should consider several experimental design improvements to
better test for population-level turning behaviors. For this study, stimulus water was
collected from separate aquaria housing the three predatory specimens from other
Montclair State University laboratories, where the number of individuals and conditions
were different for each treatment organism. Since there was no standardization in the
saturation of stimulus water by concentration of stimulus organisms, present results may
reflect an unequal exposure of chemical cues.
In addition, T-mazes were fully filled with stimulus water, which would benefit
experiments focused on long-term activity and growth, but not for short-term, single
distance trials such as these. It was predicted that B. flumineum would have exhibited
stronger alternative turning responses when exposed to other aquatic species, but if the Tmaze is fully saturated with chemical cues, the subject could has no sense of proximity,
therefore no guidance or encouragement to “escape”, and the number of alternating turns
made would become arbitrary. However, the multiple T-maze used for the present study
prevented chemical odors from saturating through the alleys properly to use a point
source. If the T-maze had porous walls, an introduced cue could slowly disperse radially
through the maze, offering the waterbugs a sense of proximity awareness. By
incorporating a point source, T-maze trials could also be timed in order to obtain practical
rates of B. flumineum turning responses.
Both lateralized behavioral and behavioral reinforcement studies exposed subjects
to trials at least 20 times, whereas the current study only tested subjects six repeated
times. Therefore, increasing the number of repeated trials may increase the number of
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learning opportunities for waterbugs during maze trials, and would potentially result in
more pronounced turning responses across all treatments.
Last, future experimental designs should consider inverting T-mazes, in addition
to rotating them. Since waterbugs exhibited a left-turn bias, the initial right turn ensured
that subjects would make at least one right turn, however, this also conflicts with turn
alternation theory where the direction of the preceding turn helps dictate the direction of
the proceeding one. By rotating and inverting the T-maze, waterbugs are exposed to both
left- and right-T-maze biases, and are forced to make an initial force-left turn, which may
have induced different lateralized behaviors, and in turn, possibly different alternative
turning behaviors.
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Conclusions
The present study was the first to examine chemosensory stimuli from bluegill
sunfish, red-eared slider turtles, American bullfrogs, and conspecific waterbugs on the
alternating and lateralized turning behaviors of giant waterbugs, B. flumineum. Bluegill
sunfish produced significantly different alternating turn frequencies between males and
females, suggesting that waterbugs may have sex-dependent anti-predatory
responses. The inverse alternating turn frequencies observed between conspecific and
interspecific trials provide evidence of that waterbugs have the ability to distinguish
between inter- and conspecific chemicals. Further analysis revealed that conspecific cues
were the only to induce greater right-turn frequencies than left turn-frequencies, across all
treatments, suggesting that lateralized turn behaviors may be influenced by chemical cue
perception, and in turn, alternating turn behaviors. Studies should continue to test how
various types of stimuli, sex, or life-stage can influence turning behaviors, and how
lateralized turning and alternating turn behaviors are associated.
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Appendix
Appendix 1. Directional turn sequences made by individual B. flumineum in response to
different treatment stimuli in a multiple T-maze.

Lateralized Turns Made by Belostoma flumineum During Chemo-saturated Water T Maze Trials
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Tables and Figures

Figure 1. Experimental multiple T-maze modified from Hughes (1967) used to test B.
flumineum turning behavior. Each turn leads to a 10cm (l) x 4cm (w) x 4 cm (h)
alley. Alternating turn behavior was recorded as 0-, 1-, 2-, and 3-alternating turns made
at the first juncture after an initial forced-right turn.
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Figure 2. Expected bell curve distributions of overall B. flumineum alternating turn
frequencies within each treatment. According to the null hypotheses, 0-, 1-, 2-, and 3alternating turn frequencies should reflect the predicted route frequencies (1:3:3:1),
across all treatments, for both overall and between sex frequencies. There would be no
significant interactions or trends present between any of the tested variables (all p values
> 0.0083 or 0.05, respectively, for all statistical analyses).
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Table 1. Overall alternating turn frequencies made by B. flumineum in response to
different treatment stimuli.

Overall Alternating Turn Frequencies by T-Maze Treatment
of Belostoma flumineum
T-maze Treatment

Frequency of
0-Alt Turns

Frequency of
1-Alt Turns

Frequency of
2-Alt Turns

Frequency of
3-Alt Turns

*Expected Frequency

4

12

12

4

Control 1

1

13

13

5

Bluegill Sunfish

3

8

14

7

Conspecific
B. flumineum

5

4

19

4

Red-Eared
Slider Turtle

0

9

12

11

Control 2

3

9

15

5

Bullfrog

1

10

13

8

Total Turns

13

53

86

40
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Table 2. Alternating turn frequencies made by male versus female B. flumineum in
response to different treatment stimuli.
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Table 3. Total right versus left turns made by B. flumineum during multiple T-maze exposure
trials to various chemical cues.

T-maze Treatment
Turn
Directio
n and
Subject

Contro
l1

Sunfis
h

Conspecifi
c

Slide
r

Contro
l2

Bullfro
g

Total
s

Total R
made by
Males

20

20

31

17

25

21

135

Total R
Made by
Females

24

25

24

22

20

22

136

Total L
Made by
Males

28

28

17

31

23

27

150

Total L
made by
Females

24

23

24

26

28

26

155

Overall
Total R

44

45

55

39

45

43

271

Overall
Total L

52

51

41

57

51

53

305
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Table 4. Summary of all statistical analyses performed on B. flumineum turning behaviors when
exposed to various chemical cues during a multiple T-maze study. Bold p values represent
significant or noticeable statistical trends.

Summary of Belostoma flumineum Turning Behavior Frequency Statistics

Statistical Test
Used

Data Tested

Fisher Exact
Probability Test
to test the
probabilities of
expected vs.
observed:

Overall Alternating turn frequencies within treatments

alpha= 0.0083 unless addressed as (*0.05)

p value and
X2 value

Control 1

0.37

Bluegill Sunfish

0.59

Conspecific B. flumineum

0.12

Red-Eared Slider

0.051

Control 2

0.83

American Bullfrog

0.37

Male Alternating turn frequencies within treatments

Control 1

0.74
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Bluegill Sunfish

0.31

Conspecific B. flumineum

0.49

Red-Eared Slider

0.36

Control 2

0.95

American Bullfrog

0.36

Female Alternating turn frequencies within treatments

Control 1

1.0

Bluegill Sunfish

0.27

Conspecific B. flumineum

0.74

Red-Eared Slider

0.11

Control 2

1.0

American Bullfrog

1.0

Alternating turn frequencies between sexes within
treatment
(Male vs. Female)

Control 1

0.10

Bluegill Sunfish

0.0039

Conspecific B. flumineum

0.11

Red-Eared Slider

0.14

59

Chi Square
Analysis
to test the
probabilities of
expected vs.
observed:

Control 2

0.10

American Bullfrog

0.74

Overall alternating turn
frequencies within study
(*alpha= 0.05)

Overall alternating turn
frequencies between sexes within
study

p=

X2=

0.0096

11.399

0.72

1.448

(*alpha= 0.05)

Overall alternating turn frequencies within sexes within
study (*alpha= 0.05)
Overall Male Alternating turn
frequencies

0.0031

13.89

Overall Female Alternating turn
frequencies

0.015

10.50

Overall B. flumineum Lateralized turn frequencies
within treatments
Overall B. flumineum Right- vs. Leftturn frequencies

0.32

5.889

Overall Lateralized turn frequencies between sexes
within treatments
Male vs. Female Right-turn
frequencies

0.61

2.997

Male vs. Female Left-turn
frequencies

0.97

2.593

Male Right- vs. Left-turn
frequencies

0.59

10.328
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Female Right- vs. Left-turn
frequencies

Binomial
Probability Test
to test the
likelihood of
chance vs.
observed:

0.88

1.408

Overall B. flumineum Lateralized turn frequencies
within study
(*alpha= 0.05)

Overall Right turns within study

0.085

Overall Left turns within study

0.084

Overall Lateralized turn frequencies within sexes within
study
(*alpha= 0.05)

Right-turns made by Males

0.16

Left-turns made by Males

0.25

Right-turns made by Females

0.19

Left-turns made by Females

0.11

Lateralized turn frequencies within sexes within
treatments
Control 1

Right-turns made by Males

0.16

Left-turns made by Males

0.16
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Right-turns made by Females

0.56

Left-turns made by Females

0.56

Bluegill Sunfish
Right-turns made by Males

0.16

Left-turns made by Males

0.16

Right-turns made by Females

0.44

Left-turns made by Females

0.44

Conspecific B. flumineum
Right-turns made by Males

0.03

Left-turns made by Males

0.03

Right-turns made by Females

0.56

Left-turns made by Females

0.56

Red-Eared Slider
Right-turns made by Males

0.03

Left-turns made by Males

0.03
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Right-turns made by Females

0.33

Left-turns made by Females

0.33

Control 2
Right-turns made by Males

0.44

Left-turns made by Males

0.44

Right-turns made by Females

0.16

Left-turns made by Females

0.16

American Bullfrog
Right-turns made by Males

0.24

Left-turns made by Males

0.24

Right-turns made by Females

0.33

Left-turns made by Females

0.33
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Figure 3. Overall alternating turn frequencies made by B. flumineum in response to various
chemical stimuli represented by blue (0-alternating turns), red (1-alternating turn), green (2alternating turns), and purple (3-alternating turns) across each treatment. Turn frequencies float
inside each respective bar.
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Figure 4. Alternating turn frequencies made by male versus female B. flumineum in response to
various treatment stimuli. Male and female alternating turn frequencies are represented by
overlapped red and blue bars. Blue bars represent the number of 0-, 1-, 2-, and 3-alternating turns
made by male subjects, while red bars represent the number of alternating turns made by female
subjects. Bars with adjacent coloring represent equal turn frequencies made by both males and
females. Turn frequencies float within each respective bar, with the exceptions of Control 1 and
R. catesbeiana where females made one 0-alternating turn and males made none.
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Figure 5. Overall lateralized frequencies made by B. flumineum in response to various chemical
stimuli. Light orange and green bars represent the number of overall right and left turns made by
B. flumineum within each treatment. Dark orange and green bars represent all right and left turns
made by B. flumineum throughout the study. Turn frequencies float above each respective bar.
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Figure 6. Lateralized right-turn frequencies made by B. flumineum in a multiple T-maze when
exposed to various chemical stimuli. Light blue and red bars represent the number of right turns
made by male and female B. flumineum within each treatment. Dark red and blue bars represent
all right turns made by male and female B. flumineum throughout the study. Turn frequencies
float above each respective bar.
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Figure 7. Lateralized left-turn frequencies made by B. flumineum in a multiple T-maze when
exposed to various chemical stimuli. Light blue and red bars represent the number of left turns
made by male and female B. flumineum within each treatment. Dark red and blue bars represent
all left turns made by male and female B. flumineum throughout the study. Turn frequencies float
above each respective bar.
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